In the present work, possibilities of the extraction-pyrolysis method (EPM) to produce FePt nanoparticles with the face-centered tetragonal (fct) phase were studied. A mixture of fine-disperse powder of carbonyl iron and n-trioctylammonium hexachloroplatinate [(С 8 Н 17 ) 3 NH] 2 PtCl 6 solution in toluene, preliminary produced by the solvent extraction method, is used as a precursor. Precursors with a different molar ratio of metals were used. The performed investigations show that as a result of pyrolysis in the air (T pyr = 600°C, t anneal = 30 min), a FePt alloy with the fct phase is produced. Moreover, such phases as FePt 3 and/or Fe 3 Pt with the cubic structure may be also present in the final products. The phase composition of the produced samples depends on the Fe:Pt molar ratio in the precursor. An increase of the fct phase part with the growth of the iron content from 40 to 60 mol% is observed. Also, with the Fe80%Pt20% molar ratio of the metals in the precursor, only the ordered fct phase along with a small amount of hematite and iron chloride exists in the produced sample. Magnetic measurements confirm the fct-FePt phase formation in all produced samples and evidence that the coercivity exceeds the value (3 kOe) at the 50 mol% Fe concentration in the precursor and significantly decreases with increasing the Fe concentration to 80 mol%.
INTRODUCTION
The magnetic materials with high coercivity H c can be valuable for a great number of advanced applications. These materials can be used in powerful permanent magnets, information storing devices of high density. Moreover, nanoparticles of such materials can be used for ferrofluids with special properties. One of the promising materials are the FePt alloys, which have giant coercivity, high corrosion resistance and therefore have been the subject of extensive studies since last 15 years . Various preparation techniques are used to produce the FePt nanoparticles with the ordered face-center-tetragonal (fct) structure. Typically, the synthesis starts with the preparation of nanoparticles with the face-center-cubic (fcc) structure followed by annealing at higher temperatures for the transformation to the fct structure. Solution phase chemical decomposition of iron pentacarbonyl Fe(CO) 5 and reduction of platinum acetylacetonate Pt(acac) 2 are the mostly used methods to produce the FePt nanoparticles [22] [23] [24] [25] . The method allows to produce small particles (<10 nm) with the cubic structure. However, after the thermal treatment of as-prepared FePt nanoparticles, an increase of the particle size is observed. To prevent the particles from sintering at high annealing temperatures, the use of NaCl salt as a separation medium [26] or the coating of the as-prepared fcc-FePt nanoparticles with MgO before thermal treatment [27] is proposed. The coercivity value for the produced samples varied from 15 to 30 and 10 kOe, respectively.
The use of solid-phase synthesis -high energy ball milling shows [28] that the method allows to produce fcc FePt with particle sizes of around 10 μm with a broad distribution of the particle size. The following thermal treatment is necessary for the phase transformation to the fct phase. The H c value of the final product was 2.5 kOe.
The plasma-induced cathodic discharge electrolysis in a molten salt electrolyte without post-annealing is proposed in [29] . By utilizing co-deposition of metals, a FePt alloy with a particle size about 50 nm and H c about 3 kOe was produced. However, both the ordered and the disordered phases coexist in the final products. The same results were obtained via co-reduction of iron acetylacetonate Fe(acac) 3 and Pt(acac) 2 in tetraethylene glycol, but the average size of the produced particles was smaller (about 5 nm) [21, 30] and the coercivity value was 2.1 kOe [21] .
The ordered fct-FePt nanoparticles with a mean diameter of 14 nm and H c about 10 kOe were successfully synthesized by using the sol-gel method [31] .
It must be emphasized that for all the above-mentioned methods to prevent iron oxidation the heat treatment was carried out in an inert atmosphere. So if the as-prepared chemically disordered FePt samples are annealed in the presence of oxygen, such phases as FePt 3 , Fe 3 O 4 , α-Fe 2 O 3 and Pt are obtained [25] .
In recent years, the extraction-pyrolysis method (EPM) has been successfully used to synthesize various functional materials [32] . This method provides the use of extractive systems for the production of oxide materials of various applications. The main advantages of this method are simplicity and low costs and it can be applied without sophisticated equipment. In previous papers [33] [34] [35] [36] [37] [38] [39] , we have successfully used the EPM to produce nanopowders of cobalt, nickel ferrites, platinum nanoparticles on the carrier, MgO nanoparticles, ZnO, ZnO-CdO thin films and some others. In the present work, some possibilities of the EPM for the production of FePt nanoparticles with the fct phase were studied.
EXPERIMENTAL
In order to produce a FePt alloy by the EPM, a Pt-containing organic extract was preliminary prepared by solvent extraction. A solution of n-trioctylamine (С 8 Н 17 ) 3 N in toluene was used as an extractant. The procedure of extract preparation is described in detail in [35] . Then a weight of finedisperse commercial iron powder (R-10 type carbonyl iron) was added to the Pt-containing extract, namely, a n-trioctylammonium hexachloroplatinate [(С 8 Н 17 ) 3 NH] 2 PtCl 6 solution in toluene (C Pt = 0.4 M, V = 1.28 ml). This mixture was used as the precursor. The iron content in the precursor was varied from 40 to 80 mol%. The precursor was heated from room temperature up to 600°C and annealed for 30 min in air.
The phase composition of the pyrolysis products was defined by the X-ray diffraction method using a diffractometer D8 Advance (Bruker Corporation) with CuK α radiation (λ = 1.5418 Å). The XRD patterns were referenced to the PDF ICDD 043-1359 for fct-FePt identification, to PDF ICCD 071-8364 and PDF ICCD 071-5031 for Fe 3 Pt and FePt 3 identification, respectively.
The mean crystallite size of fct-FePt in the produced samples was defined from the (111) peak width by the Scherrer method.
Magnetic measurements were made at room temperature by a vibration magnetometer (Lake Shore Cryotronic 7404) in a magnetic field up to 11500 Ое. SEM measurements were made using the Tescan Lyra-3 which was equipped with an Energy Dispersive Spectrometer (EDS) for composition analysis.
RESULTS AND DISCUSSION
X-ray diffraction has shown that the commercial product is single-phased and the mean size of iron crystallites is about 9 nm (see Fig. 1 ). The magnetic measurements revealed no hysteresis for iron, and the value of saturation magnetization (σ = 203 emu/g) was close to that of bulk iron [40] .
Fig. 1. XRD pattern of the carbonyl iron powder
The XRD data analysis showed (Fig. 2) that the thermal treatment of the iron powder and Pt-containing extract mixture resulted in the formation of a FePt alloy with the combination of fct and fcc phases and a small amount of admixture phases. However, the obtained results do not allow to conclude which cubic phase is present in the samples. No peaks of crystalline platinum and iron were observed.
The phase composition of the final products depends on the Fe:Pt molar ratio in the initial mixture. The increase of the fct phase part with the growth of the iron content from 40 to 60 mol% was observed. Moreover, with the molar ratio of the metals in the precursor being Fe80%Pt20%, only the fct phase existed (Fig. 2, Curve 4) . The samples produced from the precursors with the iron content ≥50 mol% contained only a small amount of the iron oxidation product -hematite (α-Fe 2 O 3 ). Additionally, as a result of the chemical reaction of iron with hydrochloric acid and water, at the thermal decomposition of the Pt-containing extract, iron (II) chloride, iron (II) chloride di-or tetrahydrate appeared with the iron content increase. The admixture phases were not observed with the 40 mol% iron content in the precursor (Fig. 2, Curve 1) .
With reference to the XRD data, the mean crystallite size of fct-FePt in the produced samples varies from 15 to 30 nm.
The magnetic hysteresis loops of the above-mentioned samples are presented in Fig. 3 . Because of giant coercivity the obtained loops are off-peek loops, i.e. the magnetic field value of magnetization and demagnetization lines closure is higher than the given value of the maximum field. Therefore, the obtained coercivity values are less than the actual values. Indeed, the maximum coercivity value was about 3 kOe, however, it is known [26] that the thermal annealing of the synthesized FePt nanoparticles converts the fccFePt to the fct-FePt, yielding nanocrystalline magnets with The variations of the coercivity H c relative to the molar iron-platinum ratio in the precursor are illustrated in Fig. 4 . From the presented data it is seen that the samples prepared from the Fe40%Pt60% and Fe50%Pt50% compositions have the highest coercivity. However, according to the XRD analysis data, only these products contain a significant amount of the cubic phase (Fig. 2, Curves 1, 2) . Probably, this is due to the presence of the Fe 3 Pt phase, which contributes to the magnetic properties of the samples. a stronger contrast and large shapeless agglomerates sized of 1-4 µm, which was observed with a weaker contrast.
CONCLUSIONS
The performed investigations have revealed that the EPM makes it possible to produce the FePt nanoparticles with the fct phase. The phase composition of the final products depends on the Fe:Pt molar ratio in the precursor. The FePt 3 and/or Fe 3 Pt phases are present in the produced samples along with the fct-FePt phase, with the iron content in the precursor varying from 40 to 60 mol%. The maximum coercivity (no less than 3 kOe) has the nanopowder prepared from the precursor with the Fe50%Pt50% metal composition. To perform microscopy investigations, a sample of the FePt nanopowder produced from the Fe80%Pt20% precursor composition was used. Due to the XRD phase analysis data (Fig. 2, Curve 4) , along with the basic fct-FePt phase the sample contains only iron chloride (II) as an admixture phase. Therefore, to remove the admixture, the powder sample was preliminary treble washed first with distilled water, then with acetone and finally dried at room temperature.
Finally, the SEM micrograph (Fig. 5 ) presents platinumcoated spherical particles of 100 to 400 nm in diameter with
